1. Rates of RNA and protein synthesis were measured in rat cerebral-cortex slices, and compared with amino acid incorporation into protein by membranebound and free ribosomes from the same tissue, in the first 3 weeks oflife. 2. A rapid age-dependent decline in the incorporation of labelled precursors into both RNA and protein was observed, which was more marked for amino acid incorporation into protein. 3. Although membrane-bound ribosomes comprise only a small fraction of total ribosomes, they were more active in incorporating amino acids into protein than were free ribosomes, especially immediately after birth. The decline in activity with age was more marked in the membrane-bound fraction than in free ribosomes. This loss of activity was largely independent of alterations in soluble factors or endogenous mRNA content and appeared to involve some alteration of the function of the ribosome itself, with relatively small alterations in the ratio ofmembrane-bound to free ribosomes. 4. Thyroidectomy, performed soon after birth, had no effect on the incorporation of radioactive precursors into RNA or protein by either slices or the cell-free preparations during the first 3-4 weeks of life.
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In previous papers , 1971 we have shown that there exists a major difference in vectorial release of nascent protein synthesized in vivo and in vitro on membrane-bound ribosomes from a predominantly protein-secreting tissue such as the liver and a predominantly non-secretory tissue such as cerebral cortex or skeletal muscle. The attachment of ribosomes to membranes of the endoplasmic reticulum plays a major role in facilitating the export of some proteins from secretory cells (Palade, 1966; Campbell, 1970) , but it is not yet clear what special functions may reside in similar ribosome-membrane complexes found in nonsecretory cells. It was decided, as an initial approach to this problem, that it would be worthwhile to compare the activity of membrane-bound and free polyribosomes from the cerebral cortex, as a model for a predominantly non-secretory tissue, under different physiological conditions. First, we studied, both in vivo and in vitro, the well known but unexplained decline in the rate of incorporation of amino acids into brain protein that occurs in rodents during the first 3 weeks of life (Gaitonde & Richter, 1955; Murthy & Rappoport, 1965; Johnson & Belytschko, 1969; Lerner & Johnson, 1970 to accompany quite well-defined behavioural, intellectual and developmental changes after neonatal thyroidectomy (see Eayrs, 1966; Balazs, Kovacs, Teichgraber, Cocks & Eayrs, 1968; Geel, Valcana & Timiras, 1967; Dainat, Rebi6re & Legrand, 1970) .
In the present paper we describe experiments with cerebral-cortex slices and cell-free preparations which show that although membrane-bound ribosomes comprise only a small fraction of total ribosomes they account for a substantial part of protein synthesis during the first week of life. The subsequent decline in overall brain protein synthesis is largely due to a decrease in the activity of attached ribosomes, with relatively smaller alteration in the ratio of membrane-bound to free ribosomes, whereas neonatal thyroidectomy had no influence. Incubation of tissue slice8. Slices of cerebral cortex were incubated by the technique of Orrego & Lipmann (1967) . After decapitation of the rats the cerebral hemispheres were removed and washed in ice-cold Krebs-Ringer buffer [freshly gassed with 02+C02 (95:5)] of the following composition: 118 mM-NaCl, 4.7 mM-KCl, 1.25 mM-CaCl2, 1.18mM-MgSO4, 16mM-sodium phosphate buffer, pH7.4, and 10 mm-glucose. The cerebral hemispheres were separated and slices (0.2-0.5 mm thick) were cut free-hand from the cortex until white matter became visible. Slices from several cortices were pooled, washed in KrebsRinger buffer and blotted dry before being weighed out into batches (200-300mg) into 25 ml conical flasks containing 2.5 ml of the buffer. Duplicate flasks were incubated in a water bath at 370C, under 02 +C02 (95:5), and shaken at 60 cycles/min. After a 5 min pre-warming period, the radioactive amino acid or nucleotide was added in 0.5 ml of the buffer and incubation continued for up to 60 min. Incorporation of the radioactive precursor was stopped by washing the slices in a nylon tea-strainer with a large volume of ice-cold medium. For experiments in which the incorporation into total tissue protein or RNA was studied, the contents of each flask were homogenized in 2.5 ml of the medium in a 15ml Teflon-glass homogenizer and the suspension was processed for the determination of RNA, DNA, protein and radioactivity. Subcellular fractionation. Membrane-bound and free ribosomes and cell sap were prepared from whole cortices by methods described in detail by Andrews & Tata (1971) .
EXPERIMENTAL
Determination of radioactivity. Labelled RNA or protein was precipitated at 00C with 5% (w/v) trichloroacetic acid containing 0.1% of the unlabelled precursor. The precipitate was washed four times with ice-cold 5% trichloroacetic acid followed by two washes with chloroform-methanol (3: 1, v/v) at 2500 and two at 450C. With radioactive protein, an additional wash with 5% trichloroacetic acid at 75-80°C was included before the organic-solvent washing. Where radioactivity and chemical determinations of RNA, DNA and phospholipid were required on a single sample, the method described by Tata (1967) (Balazs et al. 1968; , there was a steady decline in the amount of DNA/g wet wt. of tissue. This is due to a combination of a progressive dehydration (Brante, 1949) as well as growth of the cells as reflected by the rise in protein and RNA content. Table 1 illustrates this trend with only two developmental stages (day 4 and day 21 after birth).
Our failure to observe a marked effect of neonatal thyroidectomy on the concentrations of protein, RNA and DNA in the brain during development is, however, in contrast with the observations of and Balazs et al. (1968) . There are many possible reasons for this discrepancy but it may arise from our making the measurements on cortical slices rather than whole brain. It could also be that the cortical cells in our strain of rats do not grow substantially after birth. The lack of effect of thyroidectomy on overall composition is reflected in all the studies described below on protein synthesis. This was not due to incomplete hormone withdrawal since at 8-12 days after birth our neonatally thyroidectomized rats showed marked impairment of growth and development and depressed basal metabolic rate.
Protein and RNA synthesis by cortical slices from developing and thyroidectomized rats. The rate of protein synthesis by slices of cerebral cortex fell dramatically with increasing age of the rats used ( Fig. 1) and by the age of 3 weeks had reached a value near that observed in slices from young adult animals.
The rates of incorporation for slices made from animals taken at all developmental stages were linear for up to 2.5h. Neonatal thyroidectomy did not affect the age-dependent fall in proteinsynthetic activity, as illustrated for the 10th day after birth in Fig. 1 ; moreover, at no age could we demonstrate a significant difference in the rate of protein synthesis between hypothyroid and normal rats. Fig. 2 shows in more detail the progressive loss of ability of cortical slices to incorporate [14C]leucine into protein. This pattern is in good agreement with that reported by Orrego & Lipmann (1967) . Other workers (see Eayrs, 1966; Balazs & Gaitonde, 1968; neonatal thyroidectomy, but these differences could be due to amino acid-transport effects. For example, it is known that cerebral blood flow is decreased by as much as 25% after thyroidectomy (see Pitt-Rivers & Tata, 1959 protein (Fig. 3) . Incorporation of [3H]orotic acid into RNA was found to be linear for 2h and at no time of incubation was there any aonsistent effect of thyroidectomy. Balazs et al. (1968) found that, Age of rats (days) Fig. 3 & Tata, 1968 & Tata, , 1971 we have compared the amino acid-incorporating activity in vitro of cerebral-cortical rough microsomal membranes with that of free ribosomes. As shown in Fig. 4 , at 2 days after birth the activity of membrane -bound ribosomes is 6-7 -fold higher than that of free ribosomes, with the crude microsomal fraction representing the average activity of the mixture of the two fractions. A rapid fall in the rate of amino acid incorporation during the first 2 weeks of life was detected in all fractions, but by far the greatest effect was observed in the rough membrane fractions. Other workers have also described a substantial loss in activity of total microsomal fraction or polyribosomes derived by detergent treatment during the first 2-3 weeks of postnatal development of the rat and mouse (Murthy & Rappoport, 1965; Johnson, 1968; Johnson & Belytschko, 1969; Lerner & Johnson, 1970) .
If one were to extrapolate the above observations on activity in subcellular fractions to the intact cell, and take account of the fact that some 20% of the total cytoplasmic RNA is recovered in the membrane-bound fraction (Andrews & Tata, 1971;  Merits, Cain, Rdzok & Minard, 1969) , then over half the protein synthesis in cerebral cortex of a newborn rat may occur on ribosomes bound to endoplasmic-reticulum membranes. In the liver during hormone-induced growth it is also the rough microsomal fraction that reflects most dramatically the response to withdrawal or replacement of growth stimuli (Tata & Williams-Ashman, 1967; Tata, 1970) . Since the attached ribosomes of cerebral cortex also exhibited the greatest relative change during development, we examined in further work the response of these rough membranes to other physiological alterations. Fig. 5 illustrates the time-course of incorporation of [14C]leucine into protein by membrane-bound ribosomes from 2-day-old and 21-day-old rats. Neonatal thyroidectomy did not alter the higher protein-synthetic rate in vitro of rough membranes from cerebral cortex of 2-day-old or from 21 -day-old rats. Similarly no effect was observed in the free. polyribosome fraction (not shown in Fig. 5 ).
An obvious explanation for the rather abrupt postnatal decline in ribosomal activity is that there may be a rapid loss of mRNA from the polyribosomes. This possibility was explored indirectly by measuring the incorporation of [14C]phenylalanine in the presence and absence of poly(U). Although poly(U) is not comparable with natural mRNA, its use in these experiments to indicate the relative endogenous template activity of the polyribosomal preparations was based on the work of Hunter & Korner (1968) . These workers had shown that the stimulation by poly(U) of phenylalanine incorpora- added to brain polyribosomal preparations was a saturating one and that the time-course of incorporation was only slightly prolonged. This suggested that the increase in phenylalanine incorporation was not largely due to a protection of natural mRNA by the addition of poly(U). Table 2 shows that phenylalanine incorporation by membrane-bound ribosomes was increased by 80-90% in the presence of 200,ug of poly(U). The magnitude of the poly(U) effect was similar in 8-and 21-day-old animals so that the age-related decrease in activity of cortical ribosomes cannot be explained in terms of a progressive decline in the content of endogenous mRNA. There must be some intrinsic alteration in the capacity of ribosomes to synthesize protein. A similar situation is observed in liver ribosomes after hypophysectomy or thyroidectomy (Tata & Williams-Ashman, 1967; Korner, 1970) , in uterine ribosomes after ovarieotomy (Teng & Hamilton, 1967) and in muscle ribosomes from diabetic mammals (Wool et al. 1968 ). Johnson & Belytsehko (1969) and Lerner & Johnson ( 1970) , working with crude microsomal preparations and deoxyoholate-prepared ribosomes from whole rat brain, also demonstrated that the age-related decline in protein-synthetic activity was not associated with any change in polyribosome profiles or ribonuclease aotivity in the brain. (Campbell, Lowe & Serck-Hanssen, 1967 ) from developing rat brain. In all the experiments on rough microsomal membranes described above, the preparations were incubated iin the presence of freshly prepared Sepbadex-treated homologous cell sap. It was considered possible that in the brain of neonatally thyroidectomized rats declining intrinsic ativity of ribosomes might be compensated for by a simiultaneous increase in the concentration of some rate-limiting factor in the cell sap. To test this possibility various combinations of 'cross-over' experiments with heterologous cell sap and ribosomal preparations were performed. The results of a typical experiment in which 4-and 21-day-old (normal and thyroidectomized) rats were used are summarized in Table 3 .
They show that the age-related effect is intrinsic to the ribosomes and that thyroidectomy does not alter the capacity of cortical cell sap to support protein synthesis by isolated brain ribosomes. These Yamagami, Fritz & Rappoport (1966) showed that a sharp and unexplained decrease in the effectiveness of pH 5 enzyme to support amino acid incorporation in vitro occurred at the age of 50 days. Our experiments were mainly designed to explore the early postnatal changes and rarely extended beyond 3-4 weeks after birth.
Conclusions
We have extended the findings of other workers (Johnson, 1968; Johnson & Belytschko, 1969; Orrego & Lipmann, 1967; Lerner & Johnson, 1970) on the rapid perinatal decline in brain proteinsynthetic activity to studying this notable developmental phenomenon at the level of membranebound and free polyribosomes. Bearing in mind the low rate of cell proliferation and the slow turnover of brain ribosomes in the neonatal period we would suggest that the age-related decline in cortical protein synthesis reflects a progressive loss of activity by all or part of the ribosome population. The reason for this rapid decline remains unknown except that it seems unlikely to be due to a change in the activity of cell-sap factors or merely an abrupt loss of mRNA. In this respect the situation is very reminiscent of the decreased activity of ribosomes from liver, muscle and uterus which follows the experimental arrest of growth by hypophysectomy, thyroidectomy or castration (Korner, 1970; Tata, 1970; Wool et al. 1968; Teng & Hamilton, 1967) .
A noteworthy but negative result is our finding that neonatal thyroidectomy failed to alter significantly the normal course of early postnatal changes in amino acid incorporation by cortical ribosomes, which is apparently incompatible with earlier reports of decreased amino acid incorporation in vivo in brain after thyroidectomy (Balazs & Gaitonde, 1968; Dainat et al. 1970) . This was also unexpected in view ofthe profound behavioural and developmental disorders after neonatal thyroidectomy (see Pitt-Rivers & Tata, 1959; Eayrs, 1966) . We have no explanation for the difference between our findings in vitro and the results of the other workers in vivo, but it is worth recalling the findings of and Balazs et al. (1968) that the presence or absence of thyroid hormones affects the uptake and distribution of amino acids and nucleotides in the brain in vivo.
An important feature of this work was our demonstration of the much greater activity of membrane-bound as compared with free ribosomes in neonatal brain. The overall decline in brain protein synthesis with age could be due largely to falling activity of the membrane-bound fraction of ribosomes (see Fig. 4 ). This focuses attention on the role of attachment of ribosomes to membranes of the endoplasmic reticulum in non-secretory tissues.
In an earlier paper we have discussed in detail the marked difference in vectorial discharge of nascent polypeptide from membrane-bound ribosomes from secretory and non-secretory tissues (Andrews & Tata, 1971) . One has to consider the possibility of 888 T. M. ANDREWS AND J. R. TATA 1971 Vol. 124 BRAIN PROTEIN SYNTHESIS DURING DEVELOPMENT 889 Table 3 . Effect of cell sap on incorporation of [14C]leucine by membrane-bound ribosomes from infant rat brain Cell-sap protein (3 mg) or rat liver pH 5 enzyme (2.5 mg) was added to each 1 ml ofincubation mixture. Rough microsomal fractions were incubated in homologous and heterologous cell-sap preparations for 15 min at 37°C, 60-120jig of microsomal RNA being used in each case. The results are the means of duplicate determinations. Other conditions were as described for another role for the attachment, besides secretion (see Palade, 1966; Campbell, 1970) , in both secretory and non-secretory tissues. From observations on the co-ordinated proliferation of endoplasmicreticulum membranes and ribosomes during rapid growth and development Tata (1968 Tata ( , 1970 has proposed that the attachment may serve to segregate or 'compartmentalize' ribosomes engaged in synthesizing different classes of pre-developmental and post-developmental proteins. It would therefore be of great interest to study the proliferation of membranes to which cerebral ribosomes are attached just before and after birth.
